This study uses airborne data from multiple field campaigns off the California coast to determine the extent to which a size distribution parameter and a cloud water chemical measurement can capture the effect of giant cloud condensation nuclei (GCCN), specifically sea salt, on marine stratocumulus cloud properties. The two GCCN proxy variables, nearsurface particle number concentration for diameters > 5 µm and cloud water chloride concentration, are significantly correlated (95% confidence) with each other, and both exhibit expected relationships with other parameters (e.g., surface wind) that typically coincide with sea salt emissions. Factors influencing the relationship between these two GCCN proxy measurements include precipitation rate (R) and the standard deviation of the sub-cloud vertical velocity owing likely to scavenging effects and improved mixing/transport of sea salt to cloud base, respectively. When comparing twelve pairs of high and low chloride cloud cases (at fixed liquid water path and cloud drop number concentration), the average drop spectra for high chloride cases exhibit enhanced drop number at diameters exceeding 20 µm, especially above 30 µm. In addition, high chloride cases coincide with enhanced mean columnar R and negative values of precipitation susceptibility. The difference in drop effective radius between high and low chloride conditions decreases with height in cloud, suggesting that some GCCN-produced rain drops precipitate before reaching cloud tops. The sign of cloud responses (i.e., R) to perturbations in giant sea salt particle concentration, as evaluated from MERRA-2 reanalysis data, is consistent with the aircraft data.
Introduction
A long-standing issue in understanding warm cloud formation and dynamics is the role of extremely large hygroscopic nuclei, commonly referred to as giant cloud condensation nuclei (GCCN). The minimum diameter threshold for GCCN is widely defined, ranging in the literature from 1 to 20 µm [e.g., Johnson et al., 1982; Pruppacher and Klett, 1997; Jensen and Lee, 2008] . The upper size limit of GCCN has received less attention, although their diameters have been noted to reach as high as 300 µm [Laird et al., 2000] . Several decades ago it was proposed that GCCN expedite warm rain initiation by promoting the formation of large drops and enhancing the collision-coalescence process [Houghton, 1938] . Numerous studies have since attempted to increase our understanding of GCCN-cloud interactions, including studies on (i) emissions and vertical profiles of GCCN types such as sea salt [Woodcock and Gifford, 1949; Woodcock, 1953; Laird et al., 2000] , (ii) drop size distributions, the collision-coalescence process, and precipitation formation [Woodcock et al., 1971; Takahashi, 1976; Ochs and Semonin, 1979; Johnson 1982; Mather, 1991; Johnson et al., 1993; Feingold et al., 1999; Szumowski et al., 1999; Yin et al., 2000; Rosenfeld et al., 2002; Zhang et al., 2006; Jensen and Lee, 2008; Sorooshian et al., 2013; Jung et al., 2015] , (iii) cloud thickness [L'Ecuyer et al., 2009] , (iv) radar echoes [Lasher-Trapp et al., 2001; Knight et al., 2002] , and (v) cloud albedo [Feingold et al., 1999] . However, uncertainty remains in the magnitude of these processes and effects. Some studies have shown that GCCN have a very small, or even negligible, impact on initiation of rain in warm clouds owing to both other significant factors at work and that their effect may only be evident under specific circumstances [Dagan et al., 2015 and references therein] . While observational approaches are anticipated to help in quantifying the role of GCCN, a considerable inventory of archived data exist from which the role of GCCN could potentially be extracted. Airborne data are arguably best suited for such data analysis efforts owing to the ability to collect insitu measurements below and inside clouds.
GCCN measurements are challenging owing to low number concentrations and instrumental limitations. Some of the earliest measurements from airborne platforms relied on collection rods protruding out of aircraft [e.g., Woodcock and Gifford, 1949] . The Giant Nuclei Impactor (GNI) method is based on collection of GCCN on glass slides exposed to ambient air [e.g., Colon-Robles et al., 2006] . Sub-cloud number concentration measurements using cloud probes such as the Forward Scattering Spectrometer Probe (FSSP) and Cloud Aerosol Spectrometer (CAS) have been used to detect the possible presence of GCCN using minimum cut-point diameters as low as 2 µm [Colon-Robles et al., 2006; Sorooshian et al., 2015] . Results of such efforts in marine atmospheres have pointed to a positive association between GCCN number concentration and both wind speed [Woodcock, 1953; Mason, 2001; Lewis and Schwartz, 2004 and references therein] and proximity to major container ships, owing to a combination of influence from their exhaust and wake .
There are three major goals for the present work. The first aim is to evaluate two potential proxy measurements representative of GCCN in the marine boundary layer using aircraft data. The second goal is to examine interrelationships between the two GCCN proxies, meteorology, and cloud properties. If relationships are extracted that confirm previously reported results, this would provide additional support for the use of the proxy variables. As many past studies of GCCN effects have been based on modeling, having experimental field confirmation would serve as useful validation of modeling results. The last goal is to analyze if similar interrelationships between GCCN and cloud properties emerge in data from a recent reanalysis. Overall, the present study is intended to provide guidance for future field projects, data analysis, and modeling studies focused on GCCN and cloud microphysics.
Experimental Methods
Airborne data relevant to stratocumulus clouds are used from four field experiments based out of Marina, California using the Center for Interdisciplinary Remotely-Piloted Aircraft Studies (CIRPAS) Twin Otter. The first Marine Stratus/Stratocumulus Experiment (MASE-I) [Lu et al., 2007] included 13 flights in July 2005, the second Marine Stratus/Stratocumulus Experiment (MASE-II) [Lu et al., 2009] included 16 research flights in July 2007, the Eastern Pacific Emitted Aerosol Cloud Experiment (E-PEACE) [Russell et al., 2013] included 30 flights between July and August in 2011, and the Nucleation in California Experiment (NiCE) [Coggon et al., 2014; Crosbie et al., 2016] During E-PEACE and NiCE, cloud water was collected with a Mohnen slotted-rod collector [Hegg and Hobbs, 1986] . Details about the collection, storage, and chemical analyses of cloud water from E-PEACE and NiCE are provided elsewhere [Prabhakar et al., 2014; Wang et al., 2014] . Briefly, samples were collected over a ~10 -30 min duration in high-density polyethylene bottles. Samples were analyzed for pH (Oakton Model 110 pH meter calibrated with pH 4.01 and pH 7.00 buffer solutions), water-soluble composition (Ion Chromatography, IC; Thermo Scientific Dionex ICS -2100 system) and elemental composition (Inductively Coupled Plasma Mass Spectrometry, ICP-MS; Agilent 7700 Series). Liquid-phase concentrations of cloud water species were converted to air-equivalent concentrations based on the average cloud liquid water content (LWC), as measured by a PVM-100 probe [Gerber et al., 1994] , during the cloud water collection time. A threshold LWC value of 0.02 g m -3 is used to distinguish between cloud and cloud-free air, as has been done previously for the study region [Wang et al., 2016] . Of relevance to this study are sodium (Na) and chloride (Cl -) measured by ICP-MS and IC, respectively. Sodium data from ICP-MS (Na) offered better data quality as compared to IC (Na + ), and it is assumed that Na is predominantly in the form of sea salt in the study region. The collector has little correlation with drop diameter up to a mass mean diameter of approximately 35 μm [Hegg and Hobbs, 1986] . Drops during E-PEACE and NiCE flights were sampled with variable size-dependent collection efficiencies. While the majority of the focus here is on E-PEACE and NiCE owing Duong et al., 2011; Chen et al., 2012; Crosbie et al., 2016] . Vertically-resolved and mean columnar R were calculated using CIP data during vertical profiles with the assumption of homogeneous clouds for which there is no spatial variability in drop size distribution (and therefore liquid water content) and using relationships between drop size and fall velocity summarized elsewhere [e.g., Feingold et al., 2013] . Depending on the availability of either the FSSP or CAS during a particular campaign, one of them was used to calculate verticallyresolved and mean columnar r e , which is the ratio of the third to the second moment of the drop size distribution. LWP is calculated with the vertical integration of LWC as measured by the PVM-100 probe. In the subsequent discussion of measurement data results, individual data points represent the average of 1 Hz data from the aforementioned instruments (e.g., FSSP, CAS, CIP, PCASP, PVM-100) at the specific altitude or altitude range of the parameter being shown.
Results and Discussion

Evaluation of GCCN Proxies
As noted earlier, there are varying reports in the literature for the exact diameter range for particles to qualify as GCCN. A major source of GCCN in the study region is sea salt [Wang et al., 2014; Modini et al., 2015] . Size-resolved aerosol measurements in the study region during NiCE showed that both Cl -and Na peak in mass concentration between aerodynamic diameters of 1 and 10 µm [Maudlin et al., 2015] . As a result, we use both size distribution data above 1 µm and measurements of Cl -and Na to deduce GCCN influence.
Cloud water Cl -concentrations and CAS number concentration data for diameters above 5 µm in the first ~100 m above sea level (ASL), termed CAS SF hereafter (SF = near surface), are used as chemical and size distribution proxies for GCCN, respectively. These two are chosen for the following reasons. In terms of size distribution data, measurements from CPC and PCASP are limited due to their lower cut-off diameters being smaller than 1 µm, and while PCASP can be integrated above 1 µm, its upper size bound is only ~2.6 µm.
Colon-Robles et al. [2006] showed that number concentration measurements from a cloud drop distribution probe exhibited improved correlations with surface wind speed as compared to the CPC or PCASP; they concluded that the former is better suited for GCCN quantification. To decide how best to calculate CAS SF , different minimum threshold diameters were compared (2 µm, 3 µm, 5 µm) and the results when using 5 µm revealed a higher correlation between CAS SF and surface wind speed (termed Wind SF hereafter). In addition, the exponent in the power law regression, , was 1.0 when using a threshold diameter of 5 µm in contrast to having used smaller diameters.
Chloride is chosen as the GCCN chemical tracer as it is a major component of sea salt and more data are available in our dataset as compared to the other major sea salt component, Na. The following two findings support the use of cloud water Cl -as a chemical proxy for sea salt in our dataset: (i) CAS SF was best correlated with cloud water Cl -(followed by Na) out of over 60 water-soluble ions and elements measured by IC and ICP-MS, and (ii) the average (± 1 standard deviation) of the Cl -:Na mass ratio from E-PEACE and NiCE samples is 1.75 ± 0.58, which is close to that of natural sea salt (1.8).
It is important to address limitations associated with the two proxies introduced above. While CAS SF is intended to represent GCCN at cloud base level, it had to be measured below cloud base altitude to avoid interference with fog and cloud droplets that could be The average (± standard deviation) of altitude and RH for the CAS SF data used are 67 ± 25 m and 91 ± 5%, respectively. While the majority of CAS SF data are from below 100 m, it is noted that five out of 100 points reached higher altitudes with a maximum of 155 m.
To address the issue of sub-micrometer sea salt particles [e.g., O'Dowd and De Leeuw, 2007] interfering with the use of Cl -as a proxy for giant salt particles, mass concentrations of cloud water NaCl were used to back-calculate the number concentration of particles needed to reach that exact mass concentration using the density of NaCl (2.2 g cm -3 ) and the assumption of spherical particles. If the calculated concentration exceeds the measured value, this would indicate that sub-micrometer salt particles cannot account for the measured cloud water NaCl levels. The assumption of sphericity is reasonable, as the average surface relative humidity (RH) in the dataset (90.3 ± 10.6%) exceeds the deliquescence RH of NaCl (75%). Note that the hygroscopic growth factor of NaCl around 90% RH is ~2.3 for a 200 nm particle [Sorooshian et al., 2008] . The concentration of NaCl was computed in two ways: (i) as the sum of Cl -and Na; and (ii) as the sum of measured Cl -and a derived Na + value from the Cl:Na ratio for natural sea salt (1.8). Both methods yielded similar results and thus we use the latter approach here. The ratio of calculated versus measured sub-cloud PCASP number concentration was 40 ± 60; the calculated value assumed that there were only 0.1 µm diameter sea salt particles. The same ratio calculated with sub-cloud CPC concentrations (instead of PCASP) yields 20 ± 35. When assuming a sea salt particle diameter of 0.2 µm, which is close to the median diameter of PCASP data (0.23 µm ± 0.05 µm), the ratios are as follows: 5 ± 9 (PCASP) and 2 ± 4 (CPC). These values are lower limits, as these calculations assume that the sampled particles are comprised only of sea salt, when in reality, NaCl may account for approximately half of the dissolved non-water species mass concentrations in cloud water in the study region [Wang et al., 2014] . The calculations reported here are supportive of the overwhelming influence of super-micrometer sea salt particles, and not sub-micrometer particles, in driving Na and Cl -mass concentrations in the measured cloud water.
While cloud water Cl -concentrations are driven by GCCN, this certainly does not preclude the ability of smaller particles to be transported with GCCN owing to wind-driven processes. Figures 2c and 2d show power law fits to data for cloud water Cl -and total subcloud PCASP concentrations (r = 0.43) and also for sub-cloud PCASP Dp>1µm and sub-cloud PCASP concentration for diameters below 1 µm (PCASP Dp<1µm ) (r = 0.24), respectively.
These correlation results are suggestive of simultaneous lofting of sub-and supermicrometer particles to cloud base altitudes. However, the super-micrometer particles contribute to the majority of the Cl -mass in cloud water, which is reinforced by the fact that 83.5 ± 8.3% of PCASP volume concentrations resides above 1 µm.
Since Figure 2 provides support for the relationship between CAS SF and sub-cloud GCCN and that between GCCN and water Cl -, it is expected that CAS SF and Cl -should exhibit a significant correlation with one another. This is indeed the case, since Cl -is significantly correlated with CAS SF (Figure 3a ; r = 0.49, n = 50) based on a two-tailed t-test with 95% confidence (hereafter, statistical significance coincides with the aformentioned requirement). In addition, CAS SF and Cl -both exhibit statistically significant correlations with Wind SF using a power law fit with r values of 0.39 (n = 33) and 0.36 (n = 88), respectively ( Figure 3b ).
While our dataset cannot provide unambiguous proof of giant salt particles in cloud, the evaluation of the two proxies described above provides confidence that the use of both 
GCCN Proxy Variable Interrelationships
Here we examine variables that influence the relationship between CAS SF and Cl of R and σ w . When filtering occurs with these parameters to potentially reduce the influence of stronger wet scavenging (i.e., higher R) and weaker vertical transport (i.e., lower σ w ), the relationship improves (r = 0.91, n = 18) with a power law exponent close to unity (0.99) as compared to considering all points (r = 0.49, power law exponent = 0.60, n = 50).
Relationship Between GCCN and Cloud Properties
This section extends the use of the two GCCN proxy measurements to evaluate relationships with cloud properties. In terms of documented GCCN effects on clouds, modeling studies have shown that the effect of GCCN on warm rain initiation is effective only under certain conditions. Feingold et al. [1999] showed using a variety of models that in the case of stratocumulus clouds, the GCCN effect is greatest under conditions of either high CCN and LWP or low CCN and LWP. Subsequent studies suggested similar ideas about how the effect of GCCN is most influential as the concentration of smaller CCN increases [Yin et al., 2000; Teller and Levin, 2006; Cheng et al., 2009; Dagan et al., 2015] . But even in that case, Teller and Levin [2006] suggest that the enhancement in precipitation rate as a result of GCCN is small relative to the overall suppression of precipitation owing to the large concentration of CCN. L 'Ecuyer et al. [2009] used satellite remote sensing data and a global transport model to conclude that marine clouds influenced by high sea salt concentrations undergo accelerated broadening of drop spectra, form larger rain drops, precipitate more frequently, and are less vertically developed. Below we examine the extent to which use of cloud water Cl -as an in-cloud GCCN proxy reproduces these documented results.
Effects on Metric Values
A strategy employed to investigate the influence of aerosol particles on cloud characteristics involves quantification of physically-relevant metrics such as the following:
(1)
The metric quantifies the response of a cloud microphysical parameter (r e ) to an aerosol perturbation (with drop concentration, N d , as the aerosol proxy here). The relationship between aerosol perturbations and R can be quantified using the precipitation susceptibility (S o ) term, which relates precipitation rate responses to changes in N d . S o can be indirectly obtained by the product of and , the latter of which quantifies the response of R to changes in r e . All three metrics are typically evaluated in bins of a cloud macrophysical property, which is usually LWP (chosen here) or cloud depth.
Numerous studies have examined how S o depends on LWP [e.g., Lu et al., 2009; Wood et al., 2009; Sorooshian et al., 2009 Sorooshian et al., , 2010 Jiang et al., 2010; Bangert et al., 2011; Duong et al., 2011; Gettelman et al., 2013; Mann et al., 2014] and cloud thickness [Terai et al., 2012; Jung et al., 2016] . Some studies report that S o typically increases up to a specific LWP at which point it drops in value reflecting a switch from a dominant autoconversion process to an accretion process. The other subset of studies, focused mainly on stratocumulus clouds, report a general reduction in S o as a function of LWP or cloud thickness. Differences in these studies include (but are not limited to) differences in the following: (i) cloud type [Lebo and Feingold, 2014] , (ii) choices of how to calculate parameters included in quantifying S o [Duong et al., 2011] , (iii) minimum threshold value for rain rate [Duong et al., 2011] , (iv) lower tropospheric static stability , and (v) 'cloud contact time', defined as the time an air parcel spends in cloud . [Terai et al., 2015] . Our results support the idea that GCCN could potentially be responsible for the counter-intuitive negative S o values.
Effects on Drop Distribution
As the effects of GCCN on clouds are driven largely by changes in the cloud drop distribution, Figure 7 contrasts mean columnar drop spectra for cases of high and low cloud water Cl -concentrations during E-PEACE and NiCE. A total of 12 pairs of cases are examined, with each set having data from a flight with low Cl -and another flight with high Cl -( Table 2 ). The pairs were chosen such that the two cases being compared are characterized by having similar LWP and N d values to remove the influence of meteorology and sub-micrometer particle concentration, respectively, on cloud properties. It is noted that the number of data points used to calculate the values in Table 2 follows: base = 12.8% ± 8.8%, 'middle' = 7.7% ± 12.3%, 'top' = 2.4% ± 7.0%. Figure 9 illustrates the difference between the percentage increase of r e between the bottom and top third of clouds as a function of Cl -for all cases in Table 
Effects on Drop Effective Radius and Precipitation
GCCN Effects on Precipitation in MERRA-2
There are at least two ways to address the issue of limited data points. One is through future field campaigns, and the other is through modern data assimilation. The latter does not involve the direct measurement of the relevant quantities, but it increases the number of data points by several orders of magnitude. Here, we analyze aerosol particles, clouds, and precipitation in the Modern Era Retrospective Analysis for Research and Applications version 2 (MERRA-2) as an attempt in this direction. Recognizing the difference between limited aircraft measurements along flight legs versus a large number of grid box averages from a reanalysis, we are not using one to validate another. Rather we hope to check if the direction of change is consistent.
MERRA-2 utilizes the Goddard Earth Observation System version 5 (GEOS-5)
atmospheric general circulation model (AGCM) that includes modifications to the moist physics, turbulent, surface, and gravity wave drag parameterizations [Molod et al., 2015] .
Large-scale condensation is derived from a "top-hat" shaped PDF as in Bacmeister et al. [2006] . Autoconversion and accretion are parameterized using Sundqvist-like formulations, and precipitation is assumed to completely fall out [Rienecker et al., 2008] . Unlike in MERRA, an aerosol model [Chin et al., 2002] is also used to actively simulate the generation, removal, and transport of aerosol particles rather than including prescribed particles. Thus, there are several data collections that include various measures of aerosol content in MERRA-2 [Bosilovich et al., 2016] . Of these, we utilize the instantaneous 3-h sea salt mixing ratios from the lowest model layer (corresponding to pressures  985 hPa) to derive instantaneous sea salt mass concentrations. We define the giant sea salt concentration (GSSC) as the sum of those from bins 4 and 5 for particles with dry radii of 1.5-5 and 5-10 m, respectively, to coincide as closely as possible to the GCCN cutoff diameter of 5 m defined for the aircraft data. Surface precipitation and LWP are provided as hourly averages, so we compare the averages of these for the two hours before and after the times of the instantaneous GSSCs.
For the 12 observation pairs compared in Table 2 , we have compared the GSSCs at the closest instantaneous 3-h values for the grid cell containing the observations. For all but the first pair, MERRA-2 has higher GSSC for instances of greater observed Cl -. However, the modeled weather conditions may not necessarily correspond to those observed, as not all of these instances have clouds or surface precipitation. Therefore, to evaluate MERRA-2 data for similar weather conditions as observed during the aircraft campaigns, we extend our analysis to complete ocean grid cells between 34 N and 40 N and 121.5 W and 125 W (Figure 1 ) for all of July in the years in which flight campaigns took place (2005, 2007, 2011, and 2013) . This includes 40 grid cells for 1240 3-hourly instances. Of these, we pick comparison pairs at 18Z only; this corresponds roughly with the same time of the observations from Table 2 . For comparisons for similar weather conditions to those observed during the research flights, we limit our comparisons to instances of low clouds (at pressures  750 hPa) that have surface precipitation at both times. This gives us a total of 33,812 pairs for comparison. For the other 17,540 pairs when the difference in surface precipitation is opposite that of GSSC, there is a poorer relationship between precipitation and GSSC. For these, dynamics seems to be more important to precipitation, being higher when the surface pressure is lower (not shown), presumably when above-cloud subsidence would be lower.
This suggests that GCCN only slightly enhances the effect of large-scale dynamics on cloud processes in MERRA-2 when GSSC is higher and subsidence is lower.
Conclusions
This work uses airborne data to address the challenge of identifying the presence of GCCN and quantifying their effects on clouds. The analyses presented explores the use of cloud water Cl -concentration and near-surface particle number concentration with D p > 5 µm as proxies for GCCN in the marine atmosphere. The two variables are shown to be consistent with the relationships expected of sea salt and factors driving its emission to the atmosphere and subsequent effects. The interrelationship between the two parameters is influenced by precipitation rate, owing to wet scavenging effects, and the standard deviations of the subcloud vertical velocity. The difference in r e between high and low Cl -decreases with height in cloud, suggesting that some GCCN-produced rain drops precipitate before reaching cloud tops.
Aircraft data are limited in their spatiotemporal coverage and statistics. To address this issue, reanalysis data (MERRA-2) were examined as the number of data points available are orders of magnitude larger than those from aircraft. The sign of the cloud responses (i.e., surface precipitation rate) to perturbations in GSSC was similar between MERRA-2 and the aircraft data. The magnitude of the responses was stronger in the aircraft dataset, which likely is due to fewer datapoints, the physical difference between GSSC and Cl -, and inadequacies in the parameterization of cloud and precipitation microphysics. Future work is encouraged to continue using proxy measurements for GCCN to evaluate archived and future field datasets with the goal of improving model parameterizations of aerosol-cloud relationships. These results are based on data from the E-PEACE and NiCE campaigns, with MASE I /II data additionally included in panels a/b/d. These results are based on data from the E-PEACE and NiCE campaigns. Figure 8. Relationship between ∆r e /r e versus ∆Cl -for the 12 pairs of cases in Table 2 for different regions of clouds: vertically averaged over a) the full cloud depth, b) the top third ('cloud top'), c) middle third ('middle of cloud'), and d) the bottom third ('cloud base').
These results are based on data from the E-PEACE and NiCE campaigns. Table 2 . These results are based on data from the E-PEACE and NiCE campaigns. Table 2 . These results are based on data from the E-PEACE and NiCE campaigns. 
